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ARTICLE INFO ABSTRACT
Keywords: Due to inertia deterioration which is caused by low inertia renewable resources, frequency-based protective
Under frequency load shedding schemes must be re-designed. This paper presents a multi-stage under frequency load shedding (UFLS) plan

Load duration curve
Low inertia
Renewables integration
Smart loads

which is designed based on the yearly load duration curve (LDC) and activated according to the system frequency
and the rate-of-change-of-frequency (RoCoF). In order to design a robust UFLS plan, a comprehensive list of
credible operational and topological scenarios under different levels of renewables penetration are defined. For
optimizing the UFLS performance over the constructed scenarios, a detailed system frequency response including
the time response of governors, and natural load damping is developed. Then, the potential of frequency-
dependent smart loads (SLs) as a remedy to postpone or reduce the total amount of load shedding in low
inertia grids are investigated. Eventually, the proposed UFLS scheme is re-designed in the presence of SLs. The
proposed method is formulated as a Mixed-Integer Linear Programming (MILP) model and solved using the
CPLEX algorithm in GAMS and the effectiveness of the proposed method is investigated for the dynamic IEEE 39-
bus test system.

constant and load damping factor are handled using Monte-Carlo
method. In semi-adaptive UFLS, the load shedding is activated based
on the frequency magnitude and RoCoF value. Using RoCoF values, the
semi-adaptive schemes adjust their responses based on the amount of
generation deficiency or contingency severity [8].

In adaptive UFLS, the load shedding is carried out, totally, according
to the RoCoF values. Using wide area monitoring systems (WAMS) and
phasor measurement units (PMUs), the implementation of adaptive
UFLS schemes is realized [9]. Using PMU data, in adaptive UFLS the
frequency and voltage stability can be improved, simultaneously [10].
Due to oscillatory variations of RoCoF value, the use of pure adaptive
UFLS plan scheme is not very common in practice.

Due to simplicity, the application of Multi-stage UFLS scheme is
more common. But, the greater the penetration of renewable resources
the more resilient UFLS schemes are required. Therefore, using adaptive
UFLS schemes in future networks with high penetration of inertia-free
resources is inevitable.

Authors in [11] have used Genetic Algorithm for UFLS design. The
effects of renewables integration in UFLS design have been addressed in
[12,13]. In [12], the authors present a novel UFLS scheme for a
microgrid consisting of synchronous and non-synchronous units. In
[13], authors propose a UFLS design using polynomial neural network
(PNN). In [14] a novel method is proposed for determining the required
load shed and time delay at each stage of UFLS for an offshore

1. Introduction
1.1. Motivations and background

Nowadays, due to economic and environmental concerns, the use of
renewable energy resources has increased significantly. The integration
of non-synchronous renewable resources comes up with some negative
impacts on system operation and stability [1]. In addition to the oper-
ational challenges caused by the intermittency of renewable resources,
the frequency stability is highly affected by inertia deterioration [2].
Taking a glance at reports of 9th august 2019 UK blackout is the evi-
dence of this issue [3]. Therefore, as the penetration of renewable re-
sources increases, the UFLS plans must be modified to guarantee the
frequency stability during severe generation deficiencies [4].

UFLS schemes are categorized as multi-stage, semi-adaptive and
adaptive schemes. In multistage UFLS, as most common used scheme in
practice, the protective relays are set offline to shed predetermined
percentage of load during a few stages when the frequency falls below a
given threshold during a time delay [5]. In [6], the details of the
multistage UFLS in different utilities around the world have been pre-
sented. Additionally, different kinds of uncertainties can be assumed in
UFLS design. Authors in [7] have proposed a probabilistic UFLS scheme
in which the uncertainties of generation deficiency, inertia time
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Nomenclature

Indices

n Index of time steps

m Index of smart loads

s Index of load shedding stages

c Index of contingencies

i Index of generators

Parameters

Hi/H.,, Inertia time constant of i generator/Equivalent inertia of
the network

D Load damping factor

Si/S Apparent power of i generator/base apparent power of
the system

Ri/Rqq  Governor droop of i generator/equivalent governor
droop of the network

N Total number of time steps for simulation

N, Number of generators

N; Number of load shedding stages

Ng; Number of smart loads

fo Nominal frequency of the system

Ty The time constant of governor

T The time constant of smart load

L Arbitrary large positive number

At Time delay of UFLS plan

Sfmin/fmax Minimum/maximum allowable frequency of the network

A s";i” Minimum allowable deviation of steady state frequency

AfR™ Maximum allowable deviation of steady state frequency

APpTin Minimum allowable load shedding at each stage

AP Maximum allowable load shedding at each stage

APfed  Total amount of allowable load shedding

At Time step in discretized frequency response

kpf —m  Frequency-sensitivity of smart load typem

kpv—m  Voltage-sensitivity of smart load typem

fér-min Minimum allowable operating drive frequency of smart
load typemt"

fér Drive frequency of smart load typem

Variables

AP* Amount of generation outage at each event

APSY Power change by governor at n time step and under c"
contingency

Afnc Frequency deviation of the system at n time step and
under ¢ contingency

fs Frequency threshold at each load shedding stage

Afss Steady state deviation of the frequency

APhed  The amount of load shedding at each stage

U, Auxiliary binary variable for load shedding of stage s n
time step and under c? contingency

Ven Auxiliary binary variable of delay timer for load shedding
of stage s

AfS, Time delay before load shedding of stage s™ at n time step
and under ¢ event

Xsnc Auxiliary variable utilized for linearization

Bgnc Auxiliary variable utilized for linearization

Resp®™  Maximum amount of reserve provided by smart load type
m

APSL Load reduction by smart load type m at time step n

standalone power system near Taiwan and the optimization model is
solved by PSO algorithm. A new continuous UFLS plan is proposed by
authors in [15] which is analyzed with a closed-form solution of fre-
quency dynamics. The main merit about this method is to implement the
continuous scheme for systems without continuously controllable loads.

Beside UFLS schemes for frequency restoration, there are some
auxiliary services which can be used in primary frequency control. In
[16] a simplified model has been proposed for DFIG-based wind turbines
using a virtual inertia controller which works based on optimized power
point tracking (OPPT) method. Results show that using the proposed
method, wind farms will be able to contribute in primary frequency
control and to reduce frequency fluctuations. Additionally, authors in
[17] have shown that utilizing fast-acting energy storages by acting as a
synthetic inertia can mitigate the impact of renewable energy resources
in an islanded grid in the case of generation outages Authors in [18]
have proposed a predictive UFLS which predicts nadir frequency
following an outage. Then, it predicts the available ancillary services (i.
e. fast spinning reserve, energy storage systems and so on) in order to
eliminate the unnecessary load shedding. Recently, the potential of
smart loads in the primary frequency control has been considered. Smart
loads are typical loads that can participate in frequency support using
certain power-electronic devices [19]. In [20], authors have considered
both thermo-static smart load and the electric dynamic smart load (i.e.
the refrigerator) in primary frequency control to achieve lower amount
of load shedding. As a major research gap in previous proposed UFLS
schemes, the proposed plans are set for a base case operating point and
no effort has been done to design the UFLS plan according to the credible
scheduling of generating units during a given year. In fact, the perfor-
mance of the UFLS plan highly depends on the equivalent inertia of
committed units at possible loading conditions. Also, the potential of

smart load in reducing or postponing the load shedding has not been
addressed in low inertia or non-synchronous-penetrated networks.

1.2. Contributions

In this paper, a RoCoF-based multi-stage UFLS plan is proposed. The
major contributions of this paper are summarized as follows:

1. Proposing a UFLS plan with considering a comprehensive list of
credible unit scheduling using an MIP model of unit commitment
over a yearly LDC which at each load point based on the committed
units and loading condition, the credible generation outages and
contingencies are considered.

2. Optimizing the UFLS plan via an MIP optimization model consid-
ering the system frequency response. Governor actions, natural load
damping, generation outage, and load shedding are all included in
the discretized system frequency response.

3. Modeling smart load contribution in primary frequency control to
reduce the amount of load shedding or postpone the activation of
UFLS plan. In fact, the UFLS plan is modified in presence of smart
loads and high penetration of non-synchronous renewables.

1.3. Paper organization

The rest of this paper is organized as follows. Overall structure of the
proposed method is presented in Section 2. The proposed UFLS method
with discretized system frequency response considering Smart Load is
formulated in Section 3. The proposed procedure for scenario con-
struction based on the unit commitment study and outage scenarios is
given in Section 4. The simulation results are discussed in Section 5.
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Fig. 1. Overall structure of the proposed method.
Finally, the paper is concluded in Section 6.

2. Overall structure of the proposed method

Overall structure of the proposed method is shown in Fig. 1. In
previous proposed schemes, the UFLS plan is optimized at a base-case
scenario such as peak load condition and the outage scenarios are
formed around this base case point. However, the frequency stability
highly depends on the equivalent inertia or set of committed synchro-
nous units and in some cases, such as light load conditions, the fre-
quency stability may be more critical due to the lack of committed
synchronous units.

According to yearly LDC, the loading conditions vary from time to
time all over the year. Each loading condition has its own set of
committed generating units. However, the UFLS plan has a unique
setting that must be optimized over all credible scenarios. To this end, in
this paper, based on a standard LDC, at each loading point a Unit
Commitment (UC) study is carried out and the set of committed gener-
ating units are determined. The amount of equivalent inertia constant is
then determined for each UC scheduling plan. As the penetration of
renewable increases, the frequency support will be more critical. Worst
case scenarios happen when the penetration of renewable generation is
high and just a few number of synchronous generators are committed
[2]. A suitable UFLS scheme must support the network frequency all the
time and under whole credible loading conditions and outage scenarios.

3. Formulation of the proposed method
3.1. System frequency response

The system frequency response can be represented as given in (1)
using the continuous swing equation [5]. The activation of governors
and load damping are integrated into the swing equation. The swing
equation and dynamic response of governor are considered as given in
(1) and (2), respectively.
dAf(

Tt) = (1/2H.,)(AP* (1) — AP° — DAF(1)) M
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dAPgov([) _ 1 (7APgOV(l) _ i(l)) o)

dt n i Req

In order to obtain the system frequency response on COI, the
equivalent inertia of the network and the equivalent governors’ droop
are calculated using (3) and (4) respectively.

Hy =" (H.S)/S ®)

Ry=> " (RS)/S, 4

The frequency response and the dynamic of governor is discretized
using (5) and (6) into time step ofAt.

Af(nAf) = Af, )
AP (nAt) = AP (6)

After discretization using (5) and (6), the frequency response and
governor dynamic are rewritten respectively as follows:

Int1 1
Afy = Af, + / 5 (APS™ — AP° — DAf,) @
In

eq

, At (—Af, ,
AP = APE™ + (7]( - APﬁ‘”) ®)

g eq

According to (9) and based on the trapezoidal rule, the discretized
response given in (7) can be approximated as (10):

1
H,,

K, = — (AP — AP° — DAf,) 9

A
Afn+1 =~ Afn +7t[Kn(thfn)+I(n(tn+17Afn+l)] (10)

3.2. UFLS formulation

In this section, the mathematical model of the proposed multi-stage
UFLS plan is presented. UFLS plan is set to shed a predetermined per-
centage of load when the frequency remains below a certain frequency
thresholds for a given time delay. Therefore, every relay needs a timer to
calculate the time, when the system frequency drops below the fre-
quency set-points of the UFLS plan. The constraints given in (11)-(13)
are introduced to model the relay’s timer.

s Af¢ . s +A .

fi=(h+ ) <V < 1+f7(fo f"),Vc,s,n an
L sn L

A, = At +V At Ve,s,n 12)

At — Aty i Ar, — Aty

"f <ug, < l+“T,V6,s,n 13)

Considering the activation of UFLS plan the discretized swing
equation is modified as follows:

K, =

H,

eq

Ns
(APﬁf; — AP~ DAfy o+ Y i, AP;;M> 14

To develop an MIP model, using auxiliary constraints in (15)-(19),
the nonlinear term of uf, AP is linearized.

Xome = U, APV (15)
AP x>0 (16)
AP — xy e < (1—u)) 17)
Xone S U, (18)
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Xne >0 (19)

Some practical limits are needed to be imposed on frequency nadir (i.
e. the minimum point of frequency response), steady state frequency,
and the amount of load shed in each stage. According to (20), the fre-
quency response at each time instant must remain inside a pre-
determined safe zone. The steady state deviation of the system frequency
is constrained as given in (21). The amount of load shedding at each
stage and the total amount of load shedding are limited according to
(22) and (23), respectively. A major setting of the multistage UFLS plan
is the frequency set point that is bounded using (24). According to the
constraint given in (25), the load shedding at each stage is not allowed to
be restored during the simulation. To avoid the simultaneous activation
of UFLS stages, the constraints given in (26) and (27) are defined.
Finally, to prevent any conflict between subsequent stages, a given in-
terval is defined between two subsequent frequency set points as given
in (28).

Jonin < foe = fo +JoBwe < finax (20)

Af" < Afy < AR (21)
APT" < AP < AP (22)
Ny

> AP < APl (23)

f;max st Sf;—min (24)

| | Time(s)

4 5 6 7 8

Secondary
W, >, (25)

Ny

Z u: n Z us n—1 — (26)
Uy 2 U, @7
fo—fis1 202 (28)

The objective function of the proposed UFLS is defined to minimize
the total amount of load to be shed as follows:

OF = minz i XsNe (29)
e

Different kinds of UFLS plans can be designed (e.g. Equal Block,
Decreasing and Increasing scheme). In Equal Block UFLS plan, the
amount of load shed in all stages are equal, while in a Decreasing scheme
more load is shed in early stages. In low inertia power systems, under a
significant generation outage, the frequency and its RoCoF change
sharply. In such situations, a Decreasing UFLS plan is more suitable
because it can shed almost large amount of load at initial stages [21].
However, the amount of load shedding at each stage and frequency
thresholds must be optimized. In conventional network with low pene-
tration of non-synchronous resources, the Increasing UFLS plans are
preferred [21]. Since in Decreasing UFLS plans, the larger amount of
load is shed at early stages, the following constraint is introduced and
added to the MIP model of the UFLS plan:
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By e = APSRyC (€3]
Byne < AP (32)
Byue > AP — (1 —ul, ) (33)
Bsne >0 34
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A similar procedure can be persuaded for Increasing UFLS. It should
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be noted that the UFLS scheme is only designed for non-critical loads
and the priority of non-critical loads has been considered the same
during the UFLS optimization. However, by assigning a weight factor to
each load point, the related load points are prioritized. This weight
factor represents the cost of load shedding at each load point.

3.3. Smart load contribution in frequency support

SLs are typical non critical loads which due to using power electronic
interfaces, they will be able to control their power consumption and
participate in primary frequency control [16]. In general, SLs are
divided into static and dynamic SLs as shown in Fig. 2. The consumption
of static SLs (e.g. lighting loads, and water heating) heavily depends on
the input voltage magnitude and by using a voltage converter and some
auxiliary power electronic devices, their consumptions can be controlled
[16].

On the other hand, the consumption of dynamic rotating loads like
industrial motors heavily depends on the input frequency [22]. So by
utilizing a drive system (which they mostly have) and by making small
changes in its circuit, they will be able to decrease their consumptions
under frequency deviation caused by generation outage in main grid
[16]. The amount of short term reserve that every smart load can pre-
pare depends on its dependency to input voltage or frequency [16]. Also,
according to capability curves, electrical and mechanical limitations are
very important to determine how long the short term reserve can be
delivered [16]. Regarding these issues, it seems using dynamic smart
loads require less investment cost, while static smart loads need some
power electronic devices (i.e. convertors) in order to adjust their input
voltage. In this paper, only dynamic smart loads are taken into account
for frequency support.

According to above discussion, SLs are used in primary frequency
control to postpone or reduce the amount of required load shedding. As
shown in Fig. 3, SLs activation threshold is earlier than UFLS action and
affects the frequency response both by reducing the ROCOF and
improving the nadir frequency.

The amount of reserve that a dynamic smart load can deliver to the
network is determined as follows [16]:

dr\ kef—m dr—min\ /~m
Resn™ = Po- lm[(fo) - (mfo ) ] o)
The response of a smart load is discretized as follows [23]:
AP, = AP, 4 2 (Resp — AP, 37)

By integrating the dynamic smart loads into the UFLS model, th-e
system frequency response is modified as follow:

70 \/ /\

3.5 Ir%ertia(s)

Fig. 5. 75 credible loading scenarios under 3 levels of wind generation and annual LDC.
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Table 2
Outage credible scenarios.

Scenario Type Gen. WF Isolating lines
Single Outages 30-39 34,37 -
Double Outages 30-39 34,37 -
North Island 30,37,38 37 (1-39),(3-18),
(17-27)
East Island 33,34,35,36 34 (3-18),(17-27),
(14-15)
West Island 31,32,39 - (1-39),(3-4),
(14-15)
Maximum single and double outage 30-39 34,37 -
in each island
Table 3
Input parameters for simulation.
Simulation Parameters Value
D 1.5 p.u.
R, 0.1 p.u.
fo 50 Hz
T, 10s
L 1000
Simn /F max 47.5/50.5 Hz
Af™min | pfmox -0.5/0.5 Hz
At 0.1s
Aprin | p pmax 0.01/0.15 p.u.
APshed 0.37 p.u.
Ny Nsi,
Ky = | AP — AP = DA+ ) et Y AP, (38)
eq s m=1
Finally, the system frequency is determined as given in (39):
Jo =Jfo+fo*Afa (39)

4. Scenario construction

In previous proposed UFLS plans, only a given base-case loading
condition such as peak load is considered for designing UFLS, while a
suitable UFLS scheme should cover different loading points under
credible generation outage scenarios. In this paper, the LDC of the RTS
system is utilized. In order to reduce the computational burden, the
initial loading points of the RTS system are reduced to 25 loading points.
These loading points are assumed to represent the most credible loading
condition (i.e. peak load, medium load, and light load) of the year and

51 A

Frequency(Hz)

47
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vary from peak load (i.e. 1p.u.) to a base load (i.e. 0.32p.u.). Indeed, it is
assumed that the LDC of the IEEE-39 bus system (see Fig. 4) has 25
loading points.

In order to analyze the low inertia condition, it is assumed that there
are two wind farms at bus 34 and 37 with maximum capacities of 260
MW and 508 MW, respectively. Three levels of generation are assumed
for these wind farms: (260 MW, 580 MW), (208 MW, 464 MW) and (156
MW, 348 MW). Assuming these three levels of wind generation, the
penetration level of renewables at all 25 loading points results in
penetration levels from 12.3% in heavy loading conditions up to 63% in
base load conditions.

By considering 25 load points and 3 penetration levels for each wind
farm, there will be 75 loading scenarios for the network. A UC study is
carried out as formulated in [24] for each of 75 scenarios to determine
the committed units in each loading condition. The total equivalent
inertia of the committed units are then obtained as illustrated in Fig. 5.
The UC results have been shown in Table 1.

In normal condition, the equivalent inertia based on the carried out
UC studies, varies from 3.85sec to 1.7sec. Now, at each point of all 75
loading scenarios, a range of credible events are considered for UFLS
scheme as given in Table 2.

The second scenario is the simultaneous double outages of gener-
ating units (i.e. N-2 outages) when the system is interconnected as a
whole. The category of contingency is the islanding of power system. It is
assumed that the power system is divided into isolated areas. Following
the power system islanding, a possible power imbalance is expected to
appear in each island. This power imbalance causes undesired frequency
excursions and activates the UFLS relays. Therefore, the proposed UFLS
scheme must be optimized to cover the islanding scenario too. It is
assumed that the boundaries of islanding are determined using the
method proposed in [25]. There is no limit to consider different
islanding strategies with different boundaries as the input scenario. The
last possible scenario of generation deficiency is the generation outage
in each resulted islands. To this end, in this paper, the single and double
outages of generating units in each island are considered as another
severe generation deficiency scenario. In other words, the UFLS plan
should support the frequency response under N-2 generation outages in
both interconnected and islanding configurations. Finally, the scenarios
given in Table 2 are considered to set the proposed UFLS plan. In other
word, instead of using just one base-case scenario, the optimized UFLS
plan covers more than 800 credible scenarios in the related year. It is
necessary to note that topology changes after any contingencies are
considered in UFLS design.

5. Simulation results

The proposed multi-stage UFLS plan is implemented on IEEE-39 bus

Time(S)

Fig. 6. Frequency responses using conventional decreasing UFLS.
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Fig. 7. Frequency responses using conventional UFLS setting in Table 4 under renewables penetration.
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Fig. 8. Frequency responses using proposed UFLS setting in Table 4.
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Fig. 9. Frequency responses using conventional UFLS in the presence of smart loads.

test system. The required data is reported in Table 3. More details about
dynamic and static data of IEEE 39-bus test system can be found in [26].
The simulation results are presented in three different parts. In part A,
the UFLS plan is optimized, conventionally, without considering re-
newables penetration. In part B, the performance of the conventional
UFLS scheme under renewable penetration is investigated and the set-
tings of modified UFLS plan are presented. In part C, the UFLS perfor-
mance under different types of smart loads are investigated. In all three
parts, the system frequency response is utilized to compare the UFLS
performance. Decreasing and Increasing UFLS schemes are utilized. All

MILP models are optimized using CPLEX in GAMS. In presence of re-
newables, the RoCoF value is utilized to adapt the UFLS system based on
the actual system conditions. The ROCOF is calculated over a 500 ms
time window based on the proposed method in [27]. Short time window
results in unnecessary activation of UFLS plan, while the long time
window incurs undesired time delay. It should be noted that the esti-
mation of the start of an event is very important for ROCOF calculation.
Some methods for anomaly detection are addressed in [28-30].

“All yellow-colored bounds in Figs. 6-11 show the forbidden area in
which the network is at the risk of the cascading outages and blackout
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Fig. 10. Frequency responses using proposed scheme in Table 4.
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Fig. 11. Frequency responses using final UFLS setting in the presence of smart loads.

following the activation of generators circuit breaker (GCB).”

5.1. UFLS setting without considering renewable penetration

In this section, different UFLS schemes are optimized to support the
frequency stability under input scenarios. Firstly, a conventional UFLS
scheme is proposed without considering the wind penetration and the
participation of smart loads. The optimal UFLS settings including the
frequency thresholds and the amount of load shedding at each stage are
reported in Table 4 and the frequency responses of the network using
Decreasing UFLS method are presented in Fig. 6. It can be seen that the
frequency responses under obtained settings remain in a safe range.

5.2. UFLS setting under renewable penetration scenarios

In this part, firstly, the performance of conventional settings (ob-
tained in part A) is investigated under the renewable penetration sce-
narios. The system frequency responses under some operational
scenarios (i.e. some selected scenarios from all input scenarios) have
been depicted in Fig. 7.

It can be seen that the conventional UFLS plan fails to stabilize the
frequency responses in many scenarios due to inertia deterioration. The
frequency nadirs fall below 47.5 Hz which result in cascade tripping of
generating units. Therefore, it is needed to optimize the UFLS setting
under renewable penetration scenarios. To this end, the Decreasing
UFLS scheme is optimized. The optimal settings of the Decreasing UFLS
plan under renewable penetration scenarios are obtained as given in
Table 4. In this scheme, based on measured RoCoF value over a 500 ms
time window, two Decreasing UFLS schemes are presented. The first

plan is activated if the RoCoF value is less than 1.5 Hz/s. The first UFLS
plan sheds up to 10% of total loads. The second UFLS plan is activated
when the RoCoF value is equal or greater than 1.5 Hz/s. By using the
second plan, the UFLS relays remove up to 23.4% of network load, based
on actual network loads. Fig. 8 shows the system frequency responses
using the proposed semi-adaptive UFLS scheme.

In most of them, the total amount of load shedding is decreased with
respect to Table 4 while all frequency responses remain in the permitted
bound compared to conventional setting. It is noted that the imple-
mentation of RoCoF-based scheme is more complicated than the scheme
in which the RoCoF is not considered. It should be noted that the RoCoF
threshold is calculated over 500 ms time window for all scenarios. Ac-
cording to the simulations, half of the scenarios which are categorized as
light scenarios have RoCoF less than 1.5 Hz/s and the remaining sce-
narios have a RoCoF greater than 1.5 Hz/s that are more sever contin-
gencies. Additionally, it has been assumed that UFLS schemes are not
activated before RoCoF measurement.

5.3. UFLS setting in the presence of smart loads

In this section, the impacts of smart loads on frequency response
under the penetration of renewables is investigated. It is assumed that
10% of network total load is drive-based smart load. Further information
about smart loads is presented in Table 5.

Firstly, the frequency responses are evaluated using the conventional
UFLS plan (i.e. settings reported in Table 4, first column) and under the
presence of smart loads. The system frequency responses are shown in
Fig. 9.

As expected, the frequency nadir of scenarios are improved, but the
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Table 4

Settings and Comparison of different UFLS schemes.

UFLS settings

Proposed UFLS with smart load

Proposed UFLS without smart load

Conventional UFLS

Plan B

Plan A

Plan B

Plan A

ROCOF>1.5 Hz/S

ROCOF < 1.5 Hz/S

ROCOF>1.5 Hz/S

ROCOF < 1.5 Hz/S

3th 4th 1th oth 3th 4th 1th oth 3th 4th 1th oth 3th 4th 1th oth 3th 4th

oth

1th

UFLS Stages

48.5 48.3 48.1 47.9 48.8 48.6 48.4 48.2 48.5 48.3 48.1 47.9

48.4 48.2 48 48.6 48.4 48.2 48
4% 3% 2%

48.6
8%

Frequency (Hz)

14.7% 3.9% 2.9% 1.9% 2.5% 3.5% 4.5% 8.7% 10.3% 4.6% 2.7% 1.7%

1%

5.9% 4.7%

6.9%

Load shedding (p.u.)

1
2

Some Typical Scenarios

Fails to support

SS TSNS

SS NSNS

SSSNSNS

v

v

v

v
Fails to support
Fails to support

S

S

S

10
11
12
13
14

Total Shedding (p.u.) for above scenarios

SSS

SS S

1.872

2.44

2.808

10
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Table 5
Parameters of utilized dynamic smart loads.
Type Percentage of kpf . T Application
total smart e
load
Space heating 35% 2.64 43Hz 0.5 HVAC systems,
s Coolers
Large 21% 2.97 40 Hz 0.6 Massive
industrial s compressors and
motor industrial
equipment
Small 26% 295 40 Hz 0.4 Conveyor lines,
industrial s pumps
motor
Compressed 18% 299 42Hz 0.7 Rock drilling,
air s chemical industry,
metallurgy

* Minimum allowable operating drive frequency of smart loads

frequency overshoot and frequency nadir still violates the allowed lim-
itation. Secondly, the system frequency responses are depicted in Fig. 10
using the UFLS plan (i.e. the settings reported in Table 4, second col-
umn), and under the presence of smart loads. Although, in this case, the
UFLS plan gives better results with respect to the conventional UFLS,
but, in some scenarios it causes undesired overshoots in frequency re-
sponses. Moreover, it sheds more load according to Table 4.

Regarding these issues, the proposed UFLS scheme should be re-
optimized to avoid overshoot in frequency response and unnecessary
load shedding. Therefore, a new UFLS scheme is obtained as given in
Table 4 (third column) which considers high penetration of renewable
resources (i.e. 63%), with 10% smart load. Plan A is an Increasing UFLS
design and is activated under moderate outages with a ROCOF less than
1.5 Hz/s. Plan B is a Decreasing UFLS design that is activated for the
generation outages with a RoCoF equal or greater than 1.5 Hz/s. The
main merit of the proposed method is that the amount of load shedding
using the proposed method is reduced, significantly. According to
Fig. 11, the frequency responses are stabilized without any undesired
frequency nadir or frequency overshoot.

According to the proposed model for smart loads, they reduce their
consumptions rapidly and enters into a saturation phase. By deploying
the spinning reserves of conventional units, the smart loads backs to
their normal consumption as shown in Fig. 12.

To compare the proposed UFLS schemes, Table 4 gives the perfor-
mance of each UFLS scheme under 14 selected scenarios from all sce-
narios, indicating activated load shedding stages. It can be deduced that
both schemes (i.e. the scheme under renewable penetration, and the
scheme under renewable penetration and smart loads) are considerably
better than conventional UFLS designs. However, the UFLS scheme
using smart loads, not only covers all the scenarios, but also impressively
has reduced the amount of required load shed. Therefore, it is the most
suitable setting for the network. The expression “Fails to support” which
has been written for fourth, 9th and 10th scenario in conventional UFLS
setting, means that, conventional UFLS setting under low inertia con-
ditions cannot keep the frequency of the network in allowed bound. On
the other word, using this setting, frequency inters into the yellow-
colored bound area or even below the yellow bound as shown in Fig. 7.

Briefly, the whole structure and performance logic of the proposed
method from the UFLS relays point of view is shown in flowchart Fig. 13.

5.4. Uncertainty of smart loads

In this section, the effect of smart loads participation on UFLS design
is investigated. According to Table 6, It can be seen that by increasing
the share of smart load, the total required load shedding by UFLS scheme
is decreased. Another important issue is that the operating frequency of
smart loads is an uncertain variable, and as a result, the amount of smart
load reserve or contribution in frequency support is not known
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Fig. 13. Flowchart of the proposed method from the relays point of view.

Table 6
UFLS setting under different shares of smart loads.
SL (%)* Stagel Stage2 Stage3 Stage4 Total
0% 48.5 48.3 48.1 47.9 23.4%
14.7% 3.9% 2.9% 1.9%
5% 48.4 48.2 48 47.8 21.5%
14.6% 3.3% 2.3% 1.3%
10% 48.5 48.3 48.1 47.9 19.3%
10.3% 4.6% 2.7% 1.7%
15% 48.5 48.3 48.1 47.9 17.1%
7% 5.1% 3% 2%
20% 48.4 48.2 48 47.8 15.2%
5.8% 4.8% 2.9% 1.7%

" Smart load participation

6 8 10 12

Time (s)

11

g. 12. Dynamic response of the smart loads.

deterministically. Therefore, an uncertainty study based on Monte-Carlo
simulation is done to show the expected performance of UFLS under
smart load contribution. Fig. 14 shows the normal random distribution
of drive operating frequency of smart loads in which the mean and de-
viation of smart loads are assumed to be (48 Hz, 1.3 Hz), (48.5 Hz, 1.2
Hz), (47.5 Hz, 1.1 Hz), and (47.5 Hz, 1.05 Hz), respectively. Fig. 15
shows the distribution of resulted nadir frequencies in a generation
outage as AP = 0.25p.u. withH,q, = 2.2s, using 1600 samples of smart
load operating frequency based on Monte-Carlo simulation. Fig. 12
shows under different participations of smart loads, frequency nadir has
normal distribution between 48.06 Hz and 48.17 Hz with the mean of
48.11 Hz.

6. Conclusion

In this paper, a novel UFLS scheme was presented. Unlike previous
proposed UFLS plans that only set the UFLS at peak load, this paper
considers credible loading points according to annual LDC. Moreover a
wide range of wind penetration scenarios along with smart load
participation have been taken into account. The major findings of this
paper are summarized as follows:

1) The high penetration of non-synchronous renewable resources af-
fects the network inertial response and UFLS setting under severe
generation outages.

2) The conventional multistage UFLS plan optimized without consid-
ering renewable penetrations fail to restore the system frequency
under generation deficiency.

3) The UFLS setting considering only the peak load conditions, is not

realistic and results in undesired system frequency responses under

credible operating points in a given year.

Under high penetration of non-synchronous renewable resources,

the inertial response is strongly sharp, requiring Decreasing UFLS

scheme to enhance the system frequency support.

5) The participation of smart loads, especially industrial motors
equipped with drive system has a significantly positive impact on
frequency support. In the presence of smart loads the frequency nadir
will be improved while the amount of load shedding is reduced. By
postponing the UFLS activation, low inertia networks by using smart
loads will be more flexible against different unpredictable
contingencies.
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